Introduction
Chronic obstructive pulmonary disease (COPD) is a common, preventable, and treatable disease characterized by persistent airflow limitation that is usually progressive. 1 It arises as the result of a modified inflammatory response in the respiratory tract to chronic irritants in noxious particles or gases, most commonly from tobacco smoking. The effects on lung function are irreversible; symptoms include dyspnea, cough, sputum production, wheezing, and chest tightness. Patients are susceptible to COPD exacerbations characterized by worsening of symptoms that may necessitate a change in medication, unscheduled health care utilization, or hospital stay. 
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Karabis et al COPD is associated with considerable morbidity and mortality. 3 COPD was estimated to be the eleventh leading cause of disability-adjusted life years in high-income countries, rising to seventh place by 2030, according to the WHO (World Health Organization) Global Burden of Disease and Risk Factors project. 4 COPD accounted for 672,000 hospital discharges in the US in 2006. 5 It is the third leading cause of death in the US; in 2005, there were 126,005 deaths with COPD as the underlying cause in people over the age of 25, reflecting an increase of 8% from the year 2000. 6 COPD also poses a major economic burden in terms of health care costs and resource utilization. The total (direct and indirect) annual cost of COPD to the US was estimated by the National Heart, Lung, and Blood Institute to be US$(2005)38.8 billion, with more than half (US$21.8 billion) constituting direct costs. 7 Direct costs of COPD typically include medication, general practitioner and specialist visits, and inpatient and outpatient hospital visits, and may also include the cost of pulmonary rehabilitation. Management of comorbidities contributes to additional health care spending.
In consideration of the significant economic and humanistic burden of COPD, therapeutic decisions should be based on an evaluation of the costs and benefits of available treatments. Bronchodilator medications are central to symptom management in COPD and are prescribed on an as-needed or on a regular basis to prevent or reduce symptoms. 1 Long-acting bronchodilator medications are more convenient and produce more sustained relief than short-acting bronchodilators. In particular, long-acting muscarinic antagonists such as tiotropium bromide act by blocking the effect of acetylcholine on muscarinic receptors. 8 Tiotropium has been shown to reduce exacerbations and related hospitalizations, improve symptoms and health status, 9 and improve the effectiveness of pulmonary rehabilitation. 10 Aclidinium bromide is a longacting muscarinic antagonist indicated for long-term maintenance treatment of bronchospasm associated with COPD, including chronic bronchitis and emphysema, and has shown efficacy and tolerability among patients with COPD. 11 From an economic perspective of the health care system, the costeffectiveness of aclidinium should be assessed as a potential alternative to tiotropium.
A model-based health economic study was conducted to evaluate the cost-effectiveness of using aclidinium bromide 400 µg twice daily (bid) versus tiotropium bromide 18 µg once daily (od) in the maintenance treatment of COPD patients. As the analysis was performed from the perspective of the payer in the US health care system, only direct medical costs were considered.
Material and methods

Patient population
The patient population used in this model was in line with the licensed indication of aclidinium bromide 400 µg bid. The intention was to reflect patients enrolled in the aclidinium clinical studies. Therefore, the model assumed patients to be .40 years of age with stable moderate-to-severe COPD, current or ex-smokers with more than 10 pack-years, and have a post-salbutamol forced expiratory volume in 1 second (FEV 1 ) $30% and ,80% of predicted normal value and FEV 1 /forced vital capacity ,0.7.
The age and sex characteristics used to inform the model were in line with the pivotal trial ACCORD I (AClidinium in Chronic Obstructive Respiratory Disease I), 12 which was conducted solely in North America (Table 1) .
Model structure
For this analysis, a cost-utility model was developed using Microsoft Excel ® 2010 (Microsoft Corporation, Redmond, WA, USA), based on a time-in-state model structure. The model structure was similar to that of a Markov cohort model, with five main health states: mild, moderate, severe, and very severe (reflecting the severity of COPD) and a state for death (absorbing state). However, instead of using transition probabilities to determine movement between health states, the model calculated the proportion of patients in each health state according to the estimated FEV 1 % predicted values.
A schematic representation of the model structure is shown in Figure 1 . Severity of COPD is depicted in line with the GOLD 2010 classification (Global initiative for chronic Obstructive Lung Disease [GOLD] Guidelines 2010). 13 Although this classification has been modified in the updated GOLD 2011 guidelines, 1 (and remained unchanged in the 
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Economic evaluation of aclidinium bromide in the management of COPD more recent 2013 update of the guidelines) the model was created according to the previous classification, as utilities, costs, and exacerbation rates in all available publications are reported according to the GOLD 2010 document. There were no research publications as of this analysis that quantified the utilities, costs, and exacerbation rates according to the severity classifications in the GOLD 2011 guidelines.
Each disease severity health state in the model reflected the risk of experiencing a severe or non-severe exacerbation, as well as the corresponding level of utility, resource use, and costs. Regardless of the patient's level of disease severity, it was possible for that patient to experience either a severe or non-severe exacerbation. The model used a 1-month cycle length. At the end of a cycle, patients could remain in the same state or move to another state, according to the estimated post-bronchodilator FEV 1 value. The model uses the mild state for extreme cases, in which a patient began the model being marginally in the moderate state (eg, FEV 1 =49% of predicted normal value), and after a short period of treatment, an improvement in FEV 1 percentage of predicted normal value was achieved such that the patient moved to the mild state for a number of cycles. For the lower extreme FEV 1 values, the very severe state was used for those patients whose lung function deteriorated beyond the severe stage.
Clinical inputs
Most published models for the economic evaluation of COPD treatments (for example, Price et al 14 and Rutten-van Mölken and Lee, 15 ) are based on individual patient data (IPD) from head-to-head clinical trials. Using the IPD, transition probabilities from health states can be calculated. In the current study, the trials on aclidinium that were of sufficient duration for consideration in this model were versus placebo; therefore, the calculation of transition probabilities from IPD was not feasible.
To bypass the lack of IPD and direct comparison with other drugs, this model used the FEV 1 % predicted to measure the progress of the disease and the treatment effect by the following method: first, a baseline FEV 1 predicted value was calculated at the starting point of the model (as post-bronchodilator FEV 1 /FEV 1 % predicted) using data from the clinical trial ACCORD I, 12 which was conducted primarily in the US. Thereafter, a (linear) decline of this value with time (age) was considered. The slope of this FEV 1 predicted graph was derived from published data for FEV 1 regression analysis. 16 Next, the change from baseline (CFB) for the post-bronchodilator FEV 1 at 12 and 24 weeks was estimated. This estimation was based on the assumption that CFB for post-bronchodilator FEV 1 was equal to CFB for FEV 1 trough (ie, the use of a short-acting β 2 -agonist for the postbronchodilator measurement would not affect the CFB FEV 1 values). The CFB values for FEV 1 trough for each arm were estimated with a network meta-analysis (NMA). 17 Finally, the FEV 1 % predicted was calculated at 12 and 24 weeks as the ratio of post-bronchodilator FEV 1 /predicted FEV 1 . The value of FEV 1 % predicted at the starting point was taken from ACCORD I. 12 A linear interpolation was used to estimate the FEV 1 % predicted values between these three time points. After 24 weeks, the results of the UPLIFT (Understanding Potential Long-term Impacts on Function with Tiotropium) study 18 were used to extrapolate the FEV 1 % predicted estimation for both arms. The rate of decline used for both arms was 
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Karabis et al the same. A schematic representation of this approach is given in Figure 2 . Statistical testing has demonstrated that empirical data for FEV 1 % predicted does not significantly deviate from a normal distribution, 19 with a standard deviation of 19.9%. Therefore, this model assumed that at each time point, the FEV 1 % predicted is normally distributed, with a mean value given by the three-step procedure described above and a standard deviation of 13.35% (baseline of ACCORD I study), 12 which does not change over the time. This standard deviation is lower than in Hoogendoorn et al's study, 19 as only patients with moderate and severe COPD were included. With this assumption, we can estimate the percentage of patients in each health state. At the end of each cycle, the percentage of patients who had died was estimated. The model assumed that patient age followed a normal distribution, with a mean of 64.3 years and a standard deviation of 9.4 (baseline of ACCORD I study). 12 short-term changes in trough FEV 1 Efficacy was modeled using values for FEV 1 % predicted. The estimation of FEV 1 % predicted was based on trough FEV 1 . The results of an NMA for the CFB trough FEV 1 endpoints at 12 and 24 weeks were used in the economic model to estimate the decline of the FEV 1 % predicted during the first 24 weeks of the time horizon as a result of the efficacy of treatments (shortterm changes in trough FEV 1 ). NMA results of the comparison between aclidinium 400 µg bid and tiotropium 18 µg od were taken from a larger NMA that also compared aclidinium 400 µg bid and tiotropium 5 µg od; 17 however, since tiotropium 5 µg od is not a relevant comparator in the United States, a scenario analysis was performed comparing only aclidinium 400 µg bid and tiotropium 18 µg od, and these latter results were used to populate the present model. NMA results were used, as no long-term studies have been conducted comparing aclidinium and tiotropium. 20 The inclusion of data from the shorter studies (2 weeks and 6 weeks) comparing aclidinium and tiotropium would require substantial extrapolation of the trial data, which would increase uncertainty in the outcomes of the analysis.
The LAS-MD-38 (ACCORD COPD II) study was excluded from the NMA because of a high risk of bias due to an imbalance in patients' baseline characteristics, including COPD severity, which occurred despite randomization. 21 The aclidinium bromide arm included a more severe COPD population than the placebo arm at baseline, reducing the apparent treatment differences in this study. The impact of including this trial on the NMA results was evaluated in scenario analysis, which in turn has been evaluated in the economic model.
long-term changes in trough FEV 1
The estimation of the long-term evolvement of trough FEV 1 (after 24 weeks) was based on long-term data from the UPLIFT study, a 4-year randomized controlled trial comparing tiotropium versus placebo in patients with COPD. 18 This study showed that after a 30-day period, tiotropium did not significantly reduce the rate of decline in trough FEV 1 compared with placebo. Therefore, the assumption used in our economic model was that the annual decline in trough FEV 1 , after an initial treatment-specific improvement, was the same for both interventions; this is -0.04 mL (standard error 0.01), extracted from the UPLIFT publication graph. 18 The treatment effect at 12 and 24 weeks (NMA result) as well as the common annual decline after 24 weeks (based on UPLIFT study data) are demonstrated in Figure 3 .
Exacerbations
In the model, severe exacerbations were defined as exacerbations that required hospitalization, while non-severe exacerbations were those that required a change in medication and/or contact with a health care provider. The estimation of treatment differences in terms of the reduction in rate of exacerbations was challenging due to variation in the definitions used across the randomized controlled trials. Furthermore, the trials reported relatively low rates of exacerbations as a result of short follow-up periods. Therefore, the probabilities of experiencing severe and non-severe exacerbations in each modeled health state were derived from published literature. 22 The values used in the analysis are presented in Table 2 .
safety Both treatment regimens (aclidinium 400 µg bid and tiotropium 18 µg od) had acceptable safety profiles. 
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No adverse events were included in the analysis, on account of the lack of data on utility loss and costs related to adverse events.
No mortality benefit was assumed with either treatment. Disease-specific mortality, estimated using the hazard ratio of COPD mortality versus natural mortality reported in the UPLIFT study (hazard ratio =1.8), 18 was equal for both arms. Estimations of natural mortality were based on a US-specific life table. 23 
Quality of life
Rutten-van Mölken et al
24 assessed the quality of life of COPD patients using the European Quality of Life-5 Dimensions (EQ-5D) for COPD severity stages and concluded that an increase in severity of COPD was associated with a decline in utility scores. In their analysis, data on a subset of 1,235 patients from the UPLIFT trial (out of a total of 5,993 patients) were used. A substantial proportion (34.5%) of patients lived in the US. The EQ-5D was completed at the randomization visit and prior to start of study medication. Utility scores were reported for three GOLD-defined COPD severity stages (moderate, severe, and very severe) for the UK (derived in 1990) and the US (derived in 2002). For the current evaluation, the US dataset was used. As the utility value for mild COPD was lacking, it was assumed that the utility value for moderate COPD was applicable to mild COPD as well.
In a recently published US cost-effectiveness study, Earnshaw et al 25 used a utility multiplier for moderate and severe exacerbations of 15% and 50% utility loss, respectively; the utility multipliers were derived from Oostenbrink et al. 22 In the current analysis, these same utility multipliers (15% and 50% reduction in utility score for mild/moderate and severe exacerbations, respectively, applied to the cycle length) were used.
Additionally, Pickard et al 26 demonstrated that the St George's Respiratory Questionnaire (SGRQ) 27 provides a greater capacity for discrimination between different levels of COPD severity stages compared with the use of generic measures such as the EQ-5D. Therefore, for the US model, the SGRQ total score was mapped to utility values using the algorithm developed by Starkie et al. 28 The SGRQ data by COPD severity at baseline from the ACCORD I trial was used as the basis for the mapping. The utility value for exacerbations did not change, as it was not possible to quantify this due to the lack of SGRQ data at time of exacerbation. This set of utility values was evaluated in a scenario analysis.
Economic inputs
Due to a lack of quantifiable resource use data, a lump sum cost per severity stage for COPD management and exacerbations was used in the model (Table 2) . 25, [29] [30] [31] Costs from Yu et al 31 were used for the base case results, while the cost of exacerbations was varied using data from Earnshaw et al 25 and Oba 29 in our scenario analysis. As Yu et al 31 did not report the COPD management cost by disease stage, the all-cause cost in 2008 for patients not having an exacerbation (US$4,672) was assumed to be applicable for the moderate COPD stage. In addition, a multiplier was used to estimate the COPD management costs for the severe (1.37) and very severe (1.90) stages, as suggested by Rutten-van Mölken et al. 32 The drug costs are US$7.25 and US$8.03 per day for aclidinium and tiotropium, respectively ( Table 2 
181
Economic evaluation of aclidinium bromide in the management of COPD COPD management quarterly cost 31 was converted to a monthly cost.
In accordance with the recommendations of the American Society of Health System Pharmacists, 34 the third-party payer perspective was taken. For the base case, the willingness to pay threshold was set at US$50,000. Costs and health benefits were discounted yearly, after the first year, at a rate of 3%. 34 analysis At the start of treatment, all patients were considered to be in the moderate or severe health states, reflecting the characteristics of patients in the aclidinium pivotal trials.
Although COPD is a chronic disease, suggesting that a lifetime horizon should be applied, long-term efficacy and safety data are not available for aclidinium, as the longest double-blind, placebo-controlled trial was of 24 weeks' duration. Additionally, our approach assumed that the FEV 1 benefit incurred during the first 24 weeks of treatment will not be lost over the course of time, or in other words, that the slope of lines describing lung function decline will remain parallel between treatment groups. This assumption can be supported clinically by studies like TORCH (TOwards a Revolution in COPD Health) (3 years) 18 and UPLIFT (4 years) but has not been demonstrated in life-long studies. Thus, the authors decided not to extrapolate to a lifetime horizon, as it introduced assumptions that cannot be supported by clinical evidence. Therefore, our analysis was based on a time horizon of 5 years. Longer timeframes would require substantial extrapolation of 24-week trial results. Many other published economic models in COPD support this approach (1 year, 22 3 years, 35 and 5 years 15, 32, 36 ).
Model calculations
The model compared the benefits expressed in qualityadjusted life years (QALYs) and costs with aclidinium versus tiotropium by taking into account efficacy, safety, health-related quality of life, mortality, medical resource use, and costs over 5 years. The costs were broken down into drug costs and medical costs. Uncertainty in the modeled outcomes was evaluated using a probabilistic sensitivity analysis (PSA). The primary estimate for cost-effectiveness was the incremental cost per QALY gained.
Results
Base case
Over 5 years, 4.52 life years were accumulated for both aclidinium and tiotropium, while the QALYs were slightly lower for tiotropium (3.49) than for aclidinium (3.50) ( Table 3 ). The mean total health care costs were lower for aclidinium (US$126,274) versus tiotropium (US$128,591), arising from the lower drug cost and lower cost of COPD management for the former (Table 4) . Aclidinium showed a marginal benefit compared with tiotropium in terms of QALYs, reflecting a marginally better treatment efficacy (Figure 3) , which in combination with the lower costs, resulted in a position of dominance (Table 5) . Fewer exacerbations were seen with aclidinium compared with tiotropium over the 5-year time horizons (Table 6 ).
sensitivity analyses
To address uncertainty in the evaluation, a PSA was performed to quantify the uncertainty in the model outcomes based on the uncertainty of the input parameters. The parameters included in the PSA together with the distributions are 
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Karabis et al presented in Table 2 . The results of the PSA for 1,000 stochastically sampled iterations are presented on the cost-effectiveness plane (Figure 4 ). Incremental QALYs (QALY Aclidinium -QALY Tiotropium ) and incremental costs (Cost Aclidinium -Cost Tiotropium ) are represented by the x and y axes of the graph. As the number of exacerbations is the key driver for both costs and QALYs, the incremental costs are (negatively) correlated with the incremental QALYs (eg, as the number of exacerbations for aclidinium increases, the incremental costs increase, and the incremental QALYs decrease). Although the difference in QALYs is low, 84% of the iterations fall in the lower right quadrant (Figure 4 ), demonstrating the robustness of the base case results ( Table 5) .
As the incremental benef it in QALYs is low, the results are driven by cost, and even small changes in the input values can have an impact on the incremental costeffectiveness ratio.
scenario analyses
For the base case analysis for the COPD management cost, the all-cause medical costs were used. Since the all-cause medical costs for patients not having an exacerbation also included pharmacy costs and we modeled daily-use drugs (tiotropium and aclidinium separately), a scenario was tested excluding the pharmacy costs reported 31 from the all-cause medical costs. In addition, a scenario was tested using only the COPD-related cost, although this was expected to be an underestimation of the true COPD-related medical costs due to coding inconsistencies in medical claims from which these values were derived. 31 Furthermore, scenario analyses using discount factors of 0% and 6% for benefits and costs were performed; a scenario for a time horizon of 1 year, scenarios on the cost of exacerbations, a scenario using estimation of utilities by mapping SGRQ to EQ-5D, and a scenario including the ACCORD II trial on the NMA results were evaluated. In all analyses, aclidinium was associated with lower costs (US$-2,458 to US$-444) and marginally greater QALYs (0.0041-0.0072) compared with tiotropium for each of the parameters assessed (Table 7 ).
Discussion
The current study evaluated the cost-effectiveness of using aclidinium 400 µg bid versus tiotropium 18 µg od in the 
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Economic evaluation of aclidinium bromide in the management of COPD treatment of patients with moderate-to-severe COPD in the US. The findings suggest that aclidinium 400 µg may be expected to provide comparable accrued health benefits as tiotropium 18 µg, but at a lower treatment cost. Cost savings are expected due to the lower price of aclidinium 400 µg compared with tiotropium 18 µg. The modeling approach used is largely in line with previously published models in COPD, although some differences should be noted. Most of the previously published models have used patient level trial data as source data. In the current model, the use of aggregated level data was forced by the lack of comparative trial data versus tiotropium. Hence, comparative data were generated by means of indirect treatment comparison techniques. This increases the number of assumptions and complication of the model, as the lack of IPD does not allow for the estimation of transition probabilities. One limitation related to the use of the indirect treatment comparison is that variables may be listed differently in the hierarchy of endpoints for the different studies compared. For instance, in some studies used in the indirect comparison, exacerbations were listed as an additional efficacy endpoint, whereas in others they were listed as a secondary endpoint.
Inconsistencies in the reported data and the lack of reported data presented a challenge in parameterizing the model. Trough FEV 1 formed the key treatment clinical source data, but only short-term comparative data were available. Hence FEV 1 data from the long-term UPLIFT trial were used to extrapolate the findings beyond the trial period; this had to be assumed applicable for both treatments compared. Pronounced differences in accrued health benefits were therefore not expected.
A final limitation of this study was the use of health states (COPD severity states) that are in line with a previous (2010) version of the GOLD guidelines. This was due to the lack of published research quantifying utilities, costs, and exacerbation rates according to the new severity classification.
Conclusion
The cost-utility analysis described in the present paper suggests that the use of aclidinium is potentially cost effective compared with tiotropium in the maintenance treatment of moderate-to-severe COPD patients in the US. The precision of this estimation is limited mainly due to the lack of long-term head-to-head trials between the treatments under consideration.
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